Introduction
============

Keratinocytes constitute the major cellular component in the epidermis and play critical roles in the process of wound healing. They play a major part in the complex mechanisms involved in the initiation, continuation, and completion of wound healing. The properties of keratinocytes in chronic wounds differ in different locations and situations. Normally, keratinocytes are responsible for the proliferative and regenerative capacity of the epidermis by providing a continuous supply of proliferative cells. The re-epithelization of the wounded skin occurs by the rapid and coordinated migration of keratinocytes \[[@B1]\].

The keratinocytes present at the edges of the non-healing chronic wounds are different from the healthy and normal keratinocytes. A successful wound closure requires a cross-talk between the keratinocytes and other cell types involved in wound healing \[[@B1]\]. Keratinocytes may also play a role in the extracellular matrix reorganization \[[@B2]\].

Owing to their diverse role in the healing process, the keratinocytes have been chosen in the current study to evaluate the wound healing benefits of the traditional medicines.

Traditional medicinal systems of India such as Ayurveda and folk medicine have been using such effective medicinal preparations to treat wounds, and have claimed that these medications not only act as anti-inflammatory, anti-microbial reagents, but also have rejuvenating and regenerating effects.

One such effective alternative treatment strategy is the use of honey, ghee, and *Glycyrrhiza glabra* (GG), and a folk medicinal preparation using *Nerium indicum* (NI), which is effectively practiced to treat various types of wounds since many years in India \[[@B3]\]. Several studies have shown the wound healing benefits of individual application of ghee \[[@B4]\] or honey \[[@B5][@B6]\]. The wound healing, anti-ulcer, anti-inflammatory, and skin regeneration activity of GG is also documented by an earlier research \[[@B7]\]. NI is another herb used to treat wounds in the folk medicine \[[@B8]\]. Our previously published report on wound healing in animal models using these traditional medicines singly and in combinations provided valuable evidences on microenvironmental changes in the wound site, thus proving the efficacy of these medicines \[[@B3]\]. The influence of these traditional medicines singly and in combination on the fibroblasts have also been experimented upon \[[@B9]\].

However, less is known about the impact of these traditional medicines on keratinocytes in the context of wound healing. The present study was therefore designed to evaluate the influence of these traditional medicines on the activities of keratinocytes, such as proliferation and migration, which are critical in wound healing process. The study may also aid in supporting the possibility of using the traditional medicines in wound healing, especially in managing the medically challenging wounds such as diabetic foot ulcers, pressure sores, ischemic ulcers, etc.

Materials and Methods
=====================

Test materials
--------------

### Procurement of the test materials

Unprocessed honey in its raw form, ghee made from cows\' milk, and roots of GG were procured from Sri Dharmasthala Manjunatheshwara Ayurvedic pharmacy, Udyavara, Udupi. Honey and ghee were subjected to microbiological examination to rule out any bacterial contamination. NI was collected in December from its natural habitat in Udupi and was identified and authenticated by Dr. K. Gopalakrishna Bhat, Professor of Botany (Rtd), Poornaprajna College, Udupi, Karnataka, India. A voucher specimen is preserved in the Department of Pharmacognosy, Manipal College of Pharmaceutical Sciences, Manipal (PP no. 603).

### Preparation of test materials

The roots of GG and leaves of NI after procurement were shade dried for seven days and then powdered. Aqueous extraction was carried out by hot maceration method \[[@B10]\]. The powdered plant materials (200 g each) were dissolved in 1,500 ml of distilled water and the decoction was prepared at 75--80℃. In the final stages (after boiling) of extract preparation, all possible sterility was maintained. The decoction was then cooled and filtered. The filtrate was finally evaporated to dryness using a lyophilizer. Before application on the wound, these test materials were membrane filtered to ensure that they were devoid of contamination.

The cell culture experiments were carried out in seven different groups: control (untreated), honey, ghee, GG, NI, honey+ghee (H+G), and combination of all test materials (Tot).

Cellular analysis: cell culture (in-vitro study)
------------------------------------------------

### Procurement of keratinocytes (HaCaT cells, i.e., immortal human keratinocyte)

HaCaT cell line procured from the National Centre for Cell Science, Pune were used in the present study owing to their greater ability to differentiate and proliferate *in vitro* \[[@B11]\].

HaCaT viability and proliferation in vitro
------------------------------------------

### Cell proliferation/cytotoxicity assay (MTT method) \[[@B12]\]

A day before the assay, HaCaT cells were seeded in 96-well plates at an optimum concentration of 5×10^3^ cells per 100 µl medium per well. The cell suspensions were then incubated at 37℃ to enable cell attachment. After 24 hours, the cells were treated with 100 µl of each concentration of serially diluted medicinal preparations. The concentrations considered for honey, GG, NI, H+G, and Tot were 1,000, 750, 500, 250, and 100 µg/ml. Ghee was administered in the concentrations of 10, 7.5, 5, 2.5, and 1 µl/ml. All concentrations were in triplicates, and cells were treated for 24, 48, and 72 hours. At the end of the stipulated time frame, 20 µl MTT (5 mg/ml) in phosphate buffer saline (PBS) was added to the wells and incubated for four hours at 37℃. After incubation, the media was discarded and formazan crystals formed were dissolved in 100 µl of dimethyl sulfoxide and incubated for one hour at room temperature. The optical density was read at 570 nm with a reference wavelength of 650 nm using enzyme-linked immunosorbent assay plate reader (model 3550, Bio-Rad Laboratories, Orlando, FL, USA). The findings obtained were normalized to percent of control (wells without having any drugs) and plotted against drug concentration. The formula used for its calculation is represented below:

Value of the treatment group/Mean value of control×100.

Wherein, the treatment groups were as follows: control, honey, ghee, GG, NI, H+G, and Tot.

Wound scratch assay
-------------------

The stimulatory effect of the test materials on migration of HaCaT cells was determined as described by Balekar et al. \[[@B13]\]. HaCaT cells were plated into a 12-well plate at a concentration of 1×10^5^ cells containing Dulbecco\'s modified Eagle\'s medium culture medium supplemented with 10% fetal bovine serum (FBS) and incubated overnight at 37℃ in a humidified 5% CO~2~ atmosphere. After attachment of the cells to the plate, Dulbecco\'s modified Eagle\'s medium (DMEM) was completely removed and the adherent cell layer was scratched with a sterile pipette tip. Cellular debris were removed by washing off with PBS. Then, the cells were treated with DMEM with 10% FBS containing the different test materials (100 µg/ml of honey, GG, NI, H+G, and Tot; 10 µl/ml of ghee). Control cells received only fresh DMEM. To avoid proliferation of cells and to evaluate only the migration, mitomycin C (10 µg/mL) was added to all the wells (control and treated groups). The cells were then incubated at 37℃ in humidified 5% CO~2~ atmosphere. Then, the images of the scratch area were captured at 0th hour (just after scratching cells), 24, 48, and 72 hours after incubation with the test materials using a built-in camera in the microscope (40× magnification).

The captured images were then analyzed using T Scratch software (CSE Lab, ETH Zurich, Clausiusstrasse, Switzerland). The area of the scratch in each image was estimated. Scratch area on the 0th hour was considered 100% and the reduction in area was calculated for each set in 24, 48, and 72 hours and plotted on a graph.

Statistical analysis
--------------------

The data were analyzed using Graph Pad Prism software (Microsoft, San Diego, CA, USA) and were expressed as mean±SEM. One-way ANOVA, followed by Dunnett\'s *post-hoc* test was used to compare control group and treated group. *P*-value of ≤0.05 was considered statistically significant.

Results
=======

Evaluation of the role of the medicinal preparations in the survival and proliferation of the keratinocytes (HaCaT cells)
-------------------------------------------------------------------------------------------------------------------------

### Cell proliferation/cytotoxicity assay

The HaCaT cells treated with different concentrations of honey showed no proliferative effects after 24 hours of exposure. After 48 hours, all the concentrations showed proliferation. However, the finding was significant only at a concentration of 100 µg/ml (147.75±2.433, *P*\<0.05). Treatment for 72 hours also showed an increase in the cells, which was significant at a concentration of 1,000 µg/ml (138.22±12.303, *P*\<0.05) ([Fig. 1A](#F1){ref-type="fig"}). Cells treated with ghee also showed better proliferative effects. The findings, however, were not significant statistically ([Fig. 1B](#F1){ref-type="fig"}).

The aqueous extract of GG had a positive proliferative effect on the HaCaT cells. All the doses of the extract showed increased survival and proliferation of the cells. The findings were statistically significant after 48 hours of the treatment, i.e., 1,000 µg/ml: 114.78±2.46, *P*\<0.05; 750 µg/ml: 142.54±4.28, *P*\<0.001; 500 µg/ml: 147.03±2.62, *P*\<0.001; 250 µg/ml: 136.36±3.37, *P*\<0.001; 100 µg/ml: 152.72±0.96, *P*\<0.001.

At 72 hours, all the doses demonstrated a natural increase in the proliferation of the cells, however statistically significant observations were made only at a dose of 750 µg/ml (125.38±1.48, *P*\<0.05) ([Fig. 2A](#F2){ref-type="fig"}). The aqueous extract of NI, on the contrary, was cytotoxic to the keratinocytes in all the doses calculated. The survival rate of the HaCaT cells showed a gradual decrease with the increase in the concentration of NI ([Fig. 2B](#F2){ref-type="fig"}).

H+G also showed proliferative effects. The finding was significant at a dosage of 250 µg/ml at 24 hours (133.65±5.81, *P*\<0.01) and 500 µg/ml in both 48 (223.34±68.44, *P*\<0.5) and 72 hours (261.30±46.98, *P*\<0.01) respectively ([Fig. 3A](#F3){ref-type="fig"}). Tot also showed proliferative effect. But the finding was significant only at the dosage of 50 µg/ml during all the durations of treatment, i.e., 24 (142.70±16.38, *P*\<0.01), 48 (337.49±70.97, *P*\<0.001), and 72 hours (340.68±32.95, *P*\<0.001) ([Fig. 3B](#F3){ref-type="fig"}). The higher doses of Tot failed to show a significant increase in the rate of proliferation. It could be because of the greater doses of NI present in them.

Wound scratch assay
-------------------

All the experimental groups showed significant closure compared to control ([Fig. 4](#F4){ref-type="fig"}). The scratch area was occupied by the migrating HaCaT cells. All the treated groups showed significant migration and narrowing of the scratch area by 24 and 48 hours (*P*\<0.001). Among them, the groups treated with honey, H+G, and Tot showed significantly best results at 48 hours. Complete closure of the scratch area was observed in all the treated groups by 72 hours ([Table 1](#T1){ref-type="table"}, [Fig. 5](#F5){ref-type="fig"}).

Discussion
==========

Keratinocytes are the chief cellular constituents of the epidermis and have numerous critical responsibilities in the process of wound healing. They are involved in the intricate mechanisms of initiation, maintenance, and completion of wound healing \[[@B1]\].

Owing to its significant role in wound healing, keratinocytes (HaCaT cells) have been chosen in the current study to appreciate the healing benefits of the traditional medicines.

Measuring viability and growth of the cells, i.e., keratinocytes when treated with the different concentrations of the test materials is a positive step to test their efficiency. The accurate method to evaluate the same is the use of MTT assay \[[@B12]\]. It provides a precise determination of the alterations in the cell proliferation rate \[[@B14]\].

The scratch wound healing assay is yet another important method used to portray the cell proliferation and migration \[[@B15]\]. Both the methods are therefore employed in the present study to understand the influence of the traditional medicines on the keratinocytes.

The exposure of honey was previously found to stimulate wound healing in the rat dermal fibroblasts (RDFs) as indicated by the scratch assay. Among the three kinds of honey used, i.e., Acacia (*Robinia pseudacacia*), Buckwheat (*Fagopyrum* sp.), and Manuka (*Leptospermum scoparium*); Acacia and buckwheat honey showed significant results compared to Manuka honey. It indicates that the different types of honey may present different wound healing properties \[[@B16]\].

Our previous reports on the MTT assay using RDFs revealed that honey neither showed any proliferative nor cytotoxic effect on the fibroblasts. The scratch assay revealed better migration of the fibroblasts treated with honey. But the findings were not statistically significant \[[@B9]\]. Honey-treated keratinocytes, on the contrary, showed proliferative effects after 48 and 72 hours of treatment as indicated in the present study. The scratch assay conducted on honey-treated keratinocytes showed a significant narrowing of the wound. It denotes that honey has better proliferative effects on keratinocytes compared to the fibroblasts.

Studies have confirmed that honey induces low cytotoxicity in keratinocytes. Further, the honey driven wound repair goes through activation of keratinocyte re-epithelization \[[@B17]\]. Greater the duration of exposure to honey, a greater rate of proliferation as was observed in the present study.

The proliferative benefits of honey could be attributed to the involvement of specific mechanisms that are still obscure. Recent studies have however shown that honey has a chemoattractant effect \[[@B17]\]. It could be responsible for the improved proliferation and migration of the keratinocytes as was observed in the present study.

Honey is responsible for the enhanced expression of syndecan-4 (transmembrane heparin sulfate) and matrix metalloproteinase (MMP)-9. MMPs are known to play essential roles in wound repair linked cell migration \[[@B17]\]. Honey also aids in the activation of proteins involved in the proliferation and cytoskeletal rearrangement. Honey activates cyclin-dependent kinase 2, a cyclin dependent kinase known to be involved in G1-S transition and keratinocyte proliferation. Focal adhesion kinase and rasGAP SH3 binding protein 1, both involved in cell locomotion are also shown to be activated by honey. Vasodilator-stimulated phosphoprotein, integrin-β3, CDC25C, and p42/44 mitogen activated protein kinase are among the other peptides related to cytoskeletal and cell cycle dynamics. They have also shown variable amount of activation on exposure to honey \[[@B17]\]. Honey is also known to play a prime role in the induction of epithelial mesenchymal transition (EMT). The EMT is essential for the keratinocyte re-epithelization as is observed in wound healing \[[@B17]\].

The abovementioned factors and mechanisms support the observations made in the present study. It further reaffirms the proliferative and migratory benefits of honey and reinstates the belief that honey increases the wound repair capabilities of keratinocytes.

The polyunsaturated fatty acid (PUFA) present in the ghee is capable of controlling cell to cell interaction and intracellular signal transduction \[[@B18]\]. The *n*-3 and *n*-6 PUFA also enable the proliferation of epithelial cells *in vitro* which serves as an essential step in wound repair \[[@B19]\].

Ghee showed proliferative effects on the keratinocytes as indicated in the current study. The cells were proliferative when exposed to ghee for shorter durations. The decrease in the proliferative implications of these cells on exposure to longer duration may be probably due to the immiscible nature of ghee which formed an oily layer of film on the culture medium, thereby interfering with the CO~2~ and oxygen ratio in the culture medium, which has an adverse effect on cell survival and growth. Similar observations were made by the fibroblasts treated with ghee in previous reports \[[@B9]\]. The scratch assay, however, showed significant wound closure in ghee treated cells. It indicates that ghee can increase the wound closure abilities of the keratinocytes by influencing its migration. The actual mechanisms of action are however unclear and further needs to be explored.

The H+G treated cells on prolonged exposure also showed better proliferative and migratory effects.

GG had a positive proliferative effect on the keratinocytes. Greater the dose, higher was the proliferation rate. Further, the migration of the keratinocytes was also influenced by GG on exposure to longer duration as indicated by the scratch assay. Research has revealed that GG inhibits the proliferation of abnormal cells, and is anti-carcinogenic in nature. However, the exact mechanisms influencing these activities are still being investigated \[[@B20]\]. On the contrary, in the present study, GG has shown a positive influence on cell proliferation. A similar observation was made in the previous study on fibroblasts \[[@B9]\]. This indicates that GG has a variable influence on the normal and abnormal cells.

Although GG has shown to improve the rate of cell proliferation and migration of keratinocytes and thereby improve wound healing, the underlying mechanisms are obscure. However, it could be suggested that GG aids in the activation of proteins involved in the proliferation and cytoskeletal rearrangement, and thus improves healing. The increased duration of exposure to GG also has a positive impact on the increased activities of the keratinocytes. Longer the duration of exposure, greater could be the activation of specific growth factors/proteins aiding in healing that needs to be further investigated. The antioxidant and rejuvenating effects of some of the constituents of GG such as glycyrrhizin and glabridin may also aid in improving the wound healing abilities of keratinocytes \[[@B21]\].

NI, on the contrary, was cytotoxic to keratinocytes in all the calculated higher doses as indicated by the MTT assay. The lower doses of NI neither showed proliferative nor toxic effects. The migration of the keratinocytes treated with NI was however significantly improved compared to control as shown by the scratch assay. It suggests that NI may have a varied influence on the activity of keratinocytes at the wound site at particular dose. Similar observation was made in the previous study on fibroblasts \[[@B9]\]. Thus, it could be postulated that NI favors cellular migration, but is anti-proliferative in nature. Further analytical studies are required to reaffirm the same.

The animal experiments conducted in the past revealed that although NI exhibited prolonged inflammatory responses, but was however effective in quickening re-epithelialization and reducing fibrosis at the wound site. Further, the wounds treated with NI also showed increased tensile strength at the wound site compared to other test groups \[[@B3]\]. It indicates that NI is not entirely toxic. In our current study using the HaCaT cells, NI is found to be toxic indicating the many other intrinsic factors are triggered by the use of NI *in vivo* setup which aid in the wound repair. Therefore, there is a need for further evaluation. Conducting the future experiments using lower doses of NI would show positive results.

The Tot treated keratinocytes showed proliferative effects. Significant observations were made at the lower concentrations used, owing to the reduction in the amount of NI present in Tot. The scratch assay employing the keratinocytes also showed significant results.

Studies in the past have focused on the role of keratinocyte-fibroblast interactions in the wound healing process. There is ample evidence that keratinocytes stimulate fibroblasts to synthesize growth factors, which in turn stimulates the keratinocyte proliferation in a double paracrine manner. Moreover, fibroblasts can also acquire a myofibroblast phenotype under the control of keratinocytes. This depends on a finely tuned balance between a pro-inflammatory or a transforming growth factor β-dominated environment \[[@B22]\]. The use of fibroblast and keratinocyte co-cultures to study the healing efficacy of these natural medicines may, therefore, be beneficial.

The preliminary results obtained from the current study reestablishes the benefits of traditional medicine in healing wounds in general and their influence on the keratinocytes in particular. The study indicates that the test materials used, both singly and in combination have a positive influence on the proliferation and migration of the keratinocytes, an important factor required for wound closure and thereby better wound healing.

Honey and GG had a positive influence on the wound healing capabilities of keratinocytes. Ghee and NI although showed better keratinocyte proliferation and migration, the findings were good only at lower concentrations and shorter durations of exposure owing to their cytotoxic effects. The observations made in the present study may further encourage and instigate newer objectives that would identify and explain the process of wound healing, and thereby glorify the effectiveness of the use of these traditional medicines. Further evaluation is also required to understand the intricate cellular and molecular mechanisms of these test materials which may help us to design the appropriate combination of these test materials in treating medically challenging wounds.
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![Proliferative effect of different doses of the honey (A) and ghee (B) on keratinocytes during 24, 48, and 72 hours as indicated by MTT assay. ^\*^*P*\<0.05 in comparison with control (C, untreated group).](acb-52-324-g001){#F1}

![Proliferative effect of different doses of *Glycyrrhiza glabra* (GG) (A) and *Nerium indicum* (NI) (B) on keratinocytes during 24, 48, and 72 hours as indicated by MTT assay. ^\*^*P*\<0.05 and ^\*\*\*^*P*\<0.001 in comparison with control (C, untreated group).](acb-52-324-g002){#F2}

![Proliferative effect of different doses of honey+ghee (H+G) (A) and combination of all test materials (Tot) (B) on keratinocytes during 24, 48, and 72 hours as indicated by MTT assay. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 in comparison with control (C, untreated group).](acb-52-324-g003){#F3}

![Analyzed images of Scratch assay of HaCaT cells treated with the different test materials compared to control (untreated). Yellow dotted line indicates the site of the scratch wound. GG, *Glycyrrhiza glabra*; NI, *Nerium indicum*; H+G, honey+ghee; Tot, combination of all test materials.](acb-52-324-g004){#F4}

![Graphical representation of the percentage of wound closure in all the experimental groups in a scratch assay using HaCaT cells. GG, *Glycyrrhiza glabra*; NI, *Nerium indicum*; H+G, honey+ghee; Tot, combination of all test materials.^\*\*\*^*P*\<0.001 and ^\#\#\#^*P*\<0.001 in comparison with 24 and 48 hours\' control (untreated) groups respectively.](acb-52-324-g005){#F5}

###### The percentage of wound closure in the experimental groups in the scratch assay using HaCaT cells

![](acb-52-324-i001)

  Time (h)   Group (mean±SEM)                                                                                        
  ---------- ------------------ ---------------- ---------------- ---------------- ---------------- ---------------- ----------------
  0          100                100              100              100              100              100              100
  24         94.37±0.36         58.39±0.02^a)^   62.66±0.49^a)^   75.13±0.24^a)^   87.16±0.19^a)^   66.87±0.04^a)^   56.90±0.46^a)^
  48         31.17±0.24         8.39.033^b)^     28.80±0.09^b)^   24.87±0.11^b)^   15.16±0.03^b)^   10.66±0.16^b)^   11.23±0.04^b)^

C, control; H, honey; G, ghee; GG, *Glycyrrhiza glabra*; NI, *Nerium indicum*; H+G, honey+ghee; Tot, combination of all test materials. ^a)^*P*\<0.001 and ^b)^*P*\<0.001 in comparison with 24 hours and 48 hours\' control (untreated) groups respectively.
